DETERMINATION of the cardiac output during the early postoperative period following open heart surgery has been difficult due to technical problems in adapting the Fick and indicator-dilution methods to the bedside. The recent availability of a radioisotopedilution method using precordial detection provides a simple and reliable means of measuring blood flow in the postoperative setting. In addition, this method measures the effective blood volume, which has been found to be grossly decreased in many patients following cardiopulmonary bypass. The present study was undertaken to measure the cardiac output and blood volume sequentially during the early postoperative period in patients having one or more cardiac valves replaced with Starr-Edwards prostheses.
Methods
The cardiac output and blood volume were studied by the radioisotope-dilution method in 45 patients after cardiac valve replacement with Starr-Edwards prostheses. Eighteen had aortic valve replacement, 10 had mitral replacement, and eight had both valves replaced. Eight patients underwent tricuspid, mitral, and aortic valve replacement, and one had tricuspid and mitral valve replacement.
In the selection of patients for study an attempt was made to include a spectrum of valvular lesions and severity of disease. All except one patient had preoperative cardiac catheterizations, and the findings for each group are listed in table 1 . The sex distribution was equal overall, From the Division of Cardiology, Department of Medicine, and the Division of Cardiopulmonary Surgery, Department of Surgery, University of Oregon Medical School, Portland, Oregon. Supported by Program Project Grant HE-06336-03 of the U. S. Public Health Service.
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with men predominant in the aortic group and women in the others.
Valve replacement was performed as described previously,14 using a rotating disk oxygenator with roller pumps and hypothermia to 30 C. The priming volume for the extracorporeal circuit was made up of heparinized whole blood and mannitol.5 Careful measurements of blood and clear fluid balance were maintained throughout the entire procedure. In addition, body weights were obtained on many patients immediately before and after operation. At the end of bypass, blood was transfused to the patient from the pump until the mean left atrial pressure stabilized at 16 to 18 mm Hg. Subsequently, citrated whole blood was given at a rate estimated to keep replacement approximately 200 ml above measured blood losses. Following the patient's return to the cardiac recovery room, blood replacement was continued on the same basis; as the study progressed, however, blood replacement was sometimes altered by the results of blood volume determinations. The general postoperative care was carried out as described previously.6 All patients received digitalis preoperatively and postoperatively. 7 Preoperative determinations of cardiac output and blood volume were usually made the day before operation. Postoperative studies were performed within 2 hours after the patient returned from surgery, daily for the next 3 days, and at the end of 1 week. The final determination was made near the end of hospitalization, 2 or 3 weeks after operation. Patients were studied in the supine position, fasting, and in as nearly a basal state as could be achieved.
The principles of the radioisotope-dilution method utilizing a precordial detector have been described by others previously.8-13 A 1 ml injectate containing 15 microcuries of radioactive iodine-labeled (1311) human serum albumin (RISA) was given and was followed by a rapid flush with They then showed a continued increase in ___________________________I flow through the final observation (P < 0.01), Fick (L/ n/m) 4 and the final mean output for the triple group from the control level on the first 2 postoperative days, although there was considerable individual variation. It then rose slowly, but did not show a statistically significant increase until the end of the first week (P < 0.01). Patients with double valve replacement then continued to improve while those with mitral replacement showed only a small further rise after the first week. When the final cardiac output was compared to the control value for the entire group, there was a highly significant increase (P < 0.001). The final output was greater than the control in every patient, and above 2.5 L/min/m2 in all who survived except two.
Residual Valvular Lesions
An important factor in the slower increase in cardiac output found in patients with mitral and double valve replacement was the presence of residual valvular disease. Eleven patients in the entire series had valvular lesions which were diagnosed preoperatively or during operation, but which were not corrected because they appeared to be hemodynamically insignificant. Four had aortic insufficiency, four had tricuspid insufficiency, two had aortic stenosis, and one had relative mitral insuffi- ciency. All but the latter one were in the mitral or double groups. The mean cardiac output findings for patients with residual valvular disease are compared to those for the entire patient group in figure 3 . Those with residual lesions had consistently lower outputs throughout the postoperative period (P < 0.001). Patients with mitral or double valve replacement who had no residual lesions had postoperative values similar to those for the entire group.
Residual tricuspid insufficiency had a particularly deleterious effect on cardiac output. The mean outputs of the four patients with residual tricuspid insufficiency are compared with those of the nine patients with triple replacement and the five with double replacement who had no tricuspid disease in figure 4. During the first 3 postoperative days the cardiac output in the patients with residual tricuspid insufficiency was strikingly low, less than 2 L/min/m.2 This was significantly below the output in patients with double valve replacement with no residual disease (P < 0.001). The difference from patients with triple valve replacement was not significant because two individuals in the triple group had comparably low outputs during the first 3 days due to myocardial disease.
Blood Volume Studies
The blood volume findings are shown in table 3. The mean preoperative value in the aortic group was at the upper limit of normal by our method. It was somewhat higher in the other groups, particularly in the triple replacement group. The increase in blood volume generally reflected the severity of heart failure and included an elevation in both red cell mass and plasma volume, as has been reported previously.14 Immediately after operation the mean blood volume was sharply decreased from the control levels in all groups and was lower in all patients except two. The mean decrease was about 17% in the aortic and mitral groups, 20% in the triple group, and greater than 26% in those having double valve replacement. In some individuals the reduction was dramatic, 
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The other seven patients, shown as the second low output subgroup, received a similar quantity of blood with a comparable rise in blood volume. They had no change or only modest increases in cardiac output and were still well below the lower limit of normal. They continued to have lower outputs through the remainder of hospitalization. It is of interest to examine these seven further. Four had residual valvular lesions. Two others were patients with triple valve replacement who had postoperative hemodynamic or postmortem evidence of severe myocardial disease. The seventh was a 76-year-old man who improved very slowly after aortic valve replacement and was thought to have reversible myocardial insufficiency. Thus, all of the seven who failed to respond to blood replacement with an increased cardiac output had either a residual valvular lesion or evidence of myocardial disease.
Five patients with low output serve as a small control group. They were given blood transfusions according to the schedule followed for all other patients, aimed at keeping blood replacement 200 ml above measured losses, and all had a slight rise in blood volume. They showed only a small increase in cardiac output on the second day. By the end of the first week they had had a gradual rise in cardiac output into the normal range and in blood volume to near the preoperative level. of endogenous adrenergic activity. The arterial pressure did not reflect either the cardiac output or the blood volume with any sensitivity. On subsequent days the systemic arterial pressure usually stabilized at a mean value of 80 to 90 mm Hg, and evidence of vasoconstriction disappeared as the cardiac output increased and the blood volume expanded. The systemic vascular resistance was greater than 2,000 dynes seconds centimeters-* in half the patients on the operative day, then decreased through the remainder of hospitalization and was 1,500 dynes seconds centimeters-5 or lower at the time of discharge. The systemic venous pressure was recorded through a polyethylene catheter positioned in the inferior vena cava during the first 2 or 3 postoperative days. It was usually highest on the operative day, was somewhat higher in patients with low cardiac output, and tended to decrease as the output improved. However, the venous pressure showed no consistent relationship to the cardiac output, the blood volume deficit, or the response to blood replacement. It was useful in ensuring that rapid or large volume blood transfusion did not result in systemic venous congestion but was otherwise of questionable value in the management of patients, as others have also reported. '16 17 Discussion The prompt increase in cardiac output in patients following aortic valve replacement was not unexpected. They have been the easiest of the patients with valve replacement to manage postoperatively, with infrequent problems of low cardiac output and a lower mortality rate. Physiologically they usually have an isolated mechanical problem of left ventricular outflow obstruction or volume overload, and with correction of the problem the previously compromised ventricle might be expected to re-*Calculated from the formula:
Cardiac output (L/min) with resistance units expressed in dynes seconds centimeters.-5 spond well.18 By the second postoperative day, the mean cardiac output for the group was well into the normal range, and only three patients had cardiac indices somewhat below 2.5 L/min/m.2 All of these had prolonged heart failure preoperatively, and one had relative mitral insufficiency.
The patients undergoing tricuspid, mitral, and aortic valve replacement are of particular interest, representing truly end-stage rheumatic heart disease. All were functional class III or IV with severe heart failure, and seven of the nine had control cardiac indices below 2.0 L/min/m.2 They are unique in having successful tricuspid valve replacement, an infrequently reported procedure.3 4 19,20 Although every effort was made to measure cardiac output under stable, basal conditions, this was often difficult to achieve in postoperative patients. In spite of this, the sequential values in individual patients were generally consistent. When the findings at a given observation were obviously at variance with preceding and subsequent results, the associated clinical observations were reviewed, and factors affecting the results could be identified.
Psychological stimuli, particularly anxiety or pain, were the most frequent cause of increased cardiac output. Postoperative delirium was relatively common,22 and cardiac output was often greater when the patient was hallucinating or overtly psychotic. Fever as high as 103 F was usually not associated with a high output. Two patients with hematocrit values of 20% had high cardiac output states, apparently due to the anemia, but numerous patients Circalation, Volume XXXIII, April 1966 with hematocrit readings of 28 to 32% did not show this.
Cardiac arrhythmias with ventricular rates of 120/min or greater were associated with a decreased cardiac output. This was most often due to atrial fibrillation, but also occurred with sinus and nodal tachycardia. Nodal rhythm with a moderate rate, perhaps the commonest postoperative arrhythmia, had no apparent adverse effect on the output. The stroke volume almost invariably paralleled the cardiac output in the absence of tachycardia regardless of the rhythm mechanism.
Hypovolemia was the factor most frequently related to a decreased cardiac output. This was usually due to a decreased blood volume following cardiopulmonary bypass. The occurrence of a sizable blood volume deficit following cardiopulmonary bypass was first reported in man by Litwak and co-workers'-' 23 and has been attributed to perfusion with large volumes of homologous blood, although the specific mechanism has not been identified. 23 27 The blood volume deficit is believed to be due to temporary sequestration of blood in unidentified sites in the body. This is based primarily on the lack of correlation between changes in blood volume, body weight, and measured blood balance during perfusion. In addition, Litwak if red cells sequestered during bypass were re-entering the circulation. After the first day, the increase in blood volume to the preoperative level, which occurred in most patients, was due to a rise in plasma volume. The red cell mass progressively fell, associated with an elevated serum bilirubin and reticulocyte count, most likely due to hemolysis from red cell trauma at the time of perfusion. It is possible that sufficient hemolysis occurred to mask the return of sequestered red cells. In any event, we found no evidence of significant desequestration of blood during the early postoperative period.
Replacement of the blood volume deficit resulted in a remarkable increase in cardiac output in nine patients with low output. The increase occurred during the period when the blood was given, and there was concomitant clinical improvement. Seven other patients with low output who did not show this response to blood transfusion were found to have problems other than hypovolemia to explain their low output states; these were either residual valvular lesions or myocardial disease. Several had some increase in output (1.64 to 2.17, 0.89 to 1.67, 1.18 to 1.66, and 1.57 to 2.24 L/min/m2) which at these low levels was undoubtedly beneficial if not as striking. Five control patients showed essentially no change in either blood volume or cardiac output when blood transfusion simply replaced measured losses.
Rehder, Kirklin, and Theye28' 29 have reported a similar increase in cardiac output following the rapid infusion of whole blood following cardiopulmonary bypass. They did not describe blood volume abnormalities but attempted to maintain right atrial pressure at 10 to 14 mm Hg by administration of blood. The most likely mechanism for the increased output is augmented ventricular diastolic filling, as they suggested.
Blood was given to our patients with caution initially while watching for evidence of overtransfusion. When this did not occur, transfusion was pursued vigorously, attempting to replace the calculated blood volume deficit within 24 Most patients showed a prompt, highly significant increase in cardiac output. Those with uncorrected valvular disease, even though apparently trivial, had lower cardiac outputs. The blood volume was sharply reduced from the preoperative level in almost every patient. When this was associated with low cardiac output, replacement of the blood volume deficit was usually accompanied by a prompt increase in cardiac output. Failure to respond in this way occurred only in patients with residual valvular lesions or myocardial disease.
